The flocculation of dilute pottery clay suspension using polyacrylamide (PAM) was investigated. Different molecular weight PAMs were synthesized by free-radical polymerization initiated with the persulfate-bisulfate redox pair. The synthesized polyelectrolytes (PAM1, PAM2 and PAM3, from low to high molecular weight) and a commercial one (C-492) were used for flocculation studies. The flocculating performance of polyelectrolytes was measured on 3% w/v pottery clay suspension using settling tests and turbidity measurements. PAM2 at pH 5.0 showed the maximum settling rate, which is nearly three times that of C-492, and it also showed a better turbidity reduction. Molecular weight is the key factor in influencing settling and turbidity reduction. In the present study, increasing molecular weight enhanced settling rate and turbidity reduction to a certain level beyond which there is a decrease, suggesting an optimum molecular weight for the given application. PAM2, a medium molecular weight polyelectrolyte (2.0·10 5 g/mol) has shown better performance than PAM1 (1.3·10 5 g/mol), PAM3 (6.0·10 5 g/mol) and the commercial polyelectrolyte C-492 (molecular weight of order 10 6 ).
Introduction
Water-soluble polymers (polyelectrolytes) are well recognized as flocculants in industries for, e.g., wastewater treatment, mineral processing, and paper making [1] . Synthetic polyelectrolytes have been developed and used extensively and they have largely replaced the inorganic flocculants such as iron salts, alum, lime, etc. The most widely used polyelectrolyte is PAM. PAMs are inexpensive and easy to process. The molecular weight and prevailing flocculation conditions such as pH, mixing, and concentrations of flocculants used affect largely the flocculation process [2] [3] [4] . Though voluminous literature is available on flocculation studies on TiO 2 [1, 5] , the study on flocculation of clay suspensions has not been paid due attention. Here the synthesis of different molecular weight PAMs via free-radical polymerization and their usage in flocculation studies of clay suspension under various conditions is presented. A comparison of flocculation effectiveness of synthesized PAMs and a commercial one is also given. The obtained results were fitted to a mathematical model [6] to check the suitability of the process.
Experimental part

Materials
Acrylamide monomer (AR grade) from s.d. fine Chemicals Ltd., India, sodium metabisulfate (LR grade) from Fischer Inorganics Ltd., India, and potassium persulfate (LR grade) from G.S. Chemicals Testing Lab and Allied Industries, India were used as such without further purification. Doubly distilled water was used throughout the experiment. A commercial polyelectrolyte Superfloc + C-492, a cationic polyacrylamide was procured from Cytec Industries Ltd., Netherlands. The clay used in the present study is ball clay with an average particle size of 0.6 µm. It was a gift sample from Hindustan Liver Limited, India. As per the supplier, the colloidal composition of the clay is as follows: SiO 2 55.82%, Al 2 O 3 28.89%, Fe 2 O 3 1.26%, TiO 2 1.05%, CaO 0.27%, MgO 0.34%, Na 2 O 0.08%, K 2 O 1.25%, weight loss 12.02%. 0.1 M HCl and NaOH (standard solutions obtained from Fischer Inorganics Ltd., India) were used to adjust pH in the experiments.
Preparation of polyacrylamide
PAMs of three different molecular weights were synthesized by free-radical polymerization initiated by the persulfate-bisulfate redox pair via solution polymerization [7] . Initiator concentration was varied to obtain different molecular weights (Tab. 1). 
Characterization of polyacrylamide
Ostwald's viscometer was used to determine the viscosity-average molecular weight and IR was used for the qualitative analysis of polymer structures. For this purpose dried polymer samples were ground with potassium bromide powder and then pressed into pellets. The pellets were analyzed at room temperature using a PerkinElmer FTIR-1000 spectrometer.
Flocculation performance characterization
The settling and flocculation effectiveness of the synthesized and commercial polyelectrolytes were tested on clay suspension employing a settling test with 3% w/v clay suspension at varied dosages and pH values. All settling tests were performed by measuring the position of interface between the slurry and the clear supernatant as the particles settled in a closed 100 ml graduated cylinder. The 3% w/v clay suspension in the closed cylinder was inverted 10 times to ensure complete mixing. Then the specified dosage of polyelectrolyte was added. Again the cylinder was inverted 20 times. The time of fall of the interface between the slurry and the clear supernatant as the particles settled was noted from an initial height. Final turbidity was measured after 20 min of settling on a digital Nephelo-turbidimeter -132 to check the turbidity reduction. Beyond 20 min there was no further turbidity reduction. The initial turbidity T 0 of the clay suspension was 6000 NTU.
Validity of the mathematical model
To check the validity of the mathematical model given by O'Melia [6] for the flocculation of clay suspension, particle counting was carried out. To ensure proper mixing and flocculation, the jar test was employed by using a Rotek Flocculator jar apparatus with six paddles. Six jars of two litre capacity filled to some predetermined level (1 l) with test suspension containing 150 mg/l of clay were used. Each beaker was stirred with a paddle stirrer and all the six paddles were connected to a common control unit. A known dosage of polyelectrolyte was added to each of the beakers with a rapid stirring speed of 260 rpm. This was done to ensure that the flocculant was well dispersed. After one minute of stirring, the speed was reduced to 25 rpm and stirred for a period of 10 min, and then the stirrer was turned off. After a settling period of 5, 10, 15, and 20 min, 0.1 ml of supernatant liquid was withdrawn using a micropipette from a depth of 5 cm and placed on an optical haemocytometer platform, which was used to determine the number of particles in a unit volume of suspension. Then the platform was mounted on a microscope and the number of particles was counted [8] . The particles were counted once without polyelectrolyte and with three different dosages. 
Results and discussion
Variation of molecular weight
It can be seen from the results obtained (Tab. 1) that the molecular weight increased as the initiator concentration decreased. Correspondingly the yield was higher for PAM3 (91.3%) in comparison to PAM1 (83%).
Infrared spectroscopy (IR)
The typical IR spectrum of synthesized PAM (Fig.1) 
Performance characterization
In some clay samples, it is possible to sediment the suspension without the aid of polyelectrolyte. But, with the present sample of clay, the suspension without polyelectrolyte was not at all clear even after one hour of settling. Hence, for the present reference, the settling rate was taken by applying the lowest possible concentration of polyelectrolyte under consideration. Thus 0.6 mg/dl was found to be the minimum required concentration in case of C-492 and 1.0 mg/dl in case of the three synthesized polyelectrolytes. Settling rate ratios are given relative to these suspensions. Flocculation efficiency in terms of settling rate ratio (Fig. 2a -d ) and turbidity reduction (Fig. 3a -d ) of all the polyelectrolytes were measured at three different pH values, viz., 5.0, 6.0 and 8.9, with different dosages. A settling rate ratio in the range of 2.938 to 3.04 and turbidity reduction in the range of 89.65 to 99.66% were observed at all three pH values in case of PAM1 at a dosage of 3.0 mg/dl. The settling rate ratio and turbidity reduction were maximum at pH 5.0 (Figs. 2a and 3a) . For PAM2, a settling rate ratio in the range of 1.782 to 8.655 and turbidity reduction in the range of 90.13 to 99.76% at a dosage of 2.5 mg/dl at all three pH values were obtained with maximum values at pH 5.0 (Figs. 2b and 3b) . In case of PAM3, a settling rate ratio in the range of 1.853 to 2.95 and turbidity reduction in the range of 92.43% to 98.88% were observed at a dosage 3.0 mg/dl with 3 different pH values and the maximum values at pH 5.0 (Figs. 2c and 3c ).
In the case of C-492, the settling rate ratio was found in the range of 1.395 to 3.189 at a dosage of 1.2 mg/dl at all three pH values and turbidity reduction was obtained in the range of 91.55 to 99.36% (Figs. 2d and 3d) . Both settling rate ratio and turbidity reduction were maximum at pH 5.0. 
Validity of the mathematical model
Detailed experimental study reveals the better performance of PAM2 compared to other polyelectrolytes under investigation. Therefore, it was felt worth to choose PAM2 to check the validity of the model. The data obtained by particle counting (Tab.
2) was fitted to the equation [6] 
where N is the number of particles after final turbidity reduction, N 0 is the initial number of particles, k is the kinetic parameter and t is the time taken for settling. The values of the parameter k were obtained from the slopes in the plot log(N/N 0 ) vs. settling time (Fig. 4) 
Conclusions
Based on the experimental flocculation of pottery clay suspension using the synthesized polyelectrolytes and a commercial one, the following conclusions can be drawn:
In synthesizing polyacrylamides, decreasing initiator concentration will lead to higher molecular weight polyacrylamides. Among the synthesized polyelectrolytes, PAM2 has shown higher settling rate ratio and turbidity reduction than PAM1 and PAM3 when applied to 3% w/v pottery clay suspension. When compared to the commercial polyelectrolyte C-492, PAM2 has shown better results with nearly three times higher settling rate ratio and better turbidity reduction.
Molecular weight is the key factor in influencing the settling and turbidity reduction. Increasing molecular weight enhances settling rate and turbidity reduction to a certain level beyond which they decrease, suggesting an optimum molecular weight for the given application. It was observed that pH plays a vital role in settling and turbidity reduction. At pH 5.0, PAM2 was more effective than all other polyelectrolytes under study. This may be due to its linear structure so that more sites are available for adsorption at this pH. Hence the non-ionic PAMs could be used more effectively at a pH where the NH 2 groups are in the ionic form.
The attempt made to simulate flocculation kinetics of dilute clay suspension of concentration 150 mg/l using the polyelectrolyte PAM2 has shown a linear relation with the parameter values k = 0.025 min -1 , 0.02 min -1 and 0.0175 min -1 for PAM2 concentrations of 0.25 mg/l, 0.5 mg/l and 1.0 mg/l, respectively. It was concluded that the flocculation kinetics follows the model selected.
